Abstract-Characterizing the structure of fault zones is necessary to understand the mechanical, fluid flow and geophysical properties of the lithosphere. This paper provides a detailed characterization of two large-displacement, strike-slip fault zones of the San Andreas system in southern California, the Punchbowl and North Branch San Gabriel faults. The faults cut crystalline and well-lithified sedimentary rocks, and consist of broad zones of fractured and faulted rock (damage zone) containing one, or more, narrow, tabular zones of highly sheared rock (fault core). Subsidiary faults and fractures of the damage zone formed in response to stress cycling associated with slip. The fault core is composed of very fine-grained, altered fault-rocks that reflect high shear strain, extreme comminution, and enhanced fluid-rock reactions. The characteristic and relatively ordered structure of these large-displacement faults is consistent with progressive damage accumulation over the lifetime of the fault. Layers of ultracataclasite containing mesoscopic slip surfaces within fault cores record extreme localization of slip at the macroscopic and mesoscopic scale. Progressive accumulation of ultracataclasite from abrasive wear along a slip surface throughout faulting history can explain the particle size distribution, layered structure, and sharp boundaries of the ultracataclasite layer. The longevity and relative stability of the slip surface is evidenced by the accumulation of progressively younger ultracataclasite towards the slip surface. Although not a common feature, the incorporation of slivers of wall rock into the ultracataclasite layer document occasional branching of the slip surface within fault cores. The damage-zone and fault-core characterization may be used to describe the geophysical, mechanical, and fluid-flow properties of brittle fault zones in crystalline and well-lithified sedimentary rocks of the continental crust.
Introduction
Characterizing the structure of large-displacement, plate-boundary fault zones is central to the MARGINS initiative to understand the mechanisms that allow continental lithosphere to deform by weak tectonic forces, strain partitioning, and movement of fluids during margin formation. At many boundaries, plate motions primarily are accommodated along large fault zones that achieve significant displacement over time. In addition, fluid migration through the crust often is intimately linked to the fluid flow properties of these zones. At the crustal scale, faults may be idealized as simple discontinuities, or surfaces, between relatively rigid blocks along which shear displacement has occurred. Considerable work has elucidated the geometry of faults and the shear displacement distribution along faults, as well as scaling relations and the manner in which faults grow and link with strain (e.g., Cowie et al. 1996; Davison 1983) . Nonetheless, continued effort to better define the structural, physical, and chemical properties of Studies of brittle fault zones document a considerable variation in structure with tectonic setting and host lithology. Dip-slip faults tend to be asymmetric in that they juxtapose wall rocks with markedly different burial and deformation history. Often the uplifted side contains faultrocks that were formed at deep crustal levels and repeatedly overprinted by faulting at shallower levels during upward transport (e.g., Sibson 1977) . In contrast, wall rocks of strike-slip faults are more likely to have common burial and deformation histories, though these faults also may experience overprinting by faulting at different depths if faulting is concurrent with burial or exhumation. At the same burial conditions, the structure of faults and processes of deformation are markedly different in unconsolidated, poorly lithified sediments as compared to well-lithified rock. In addition, physical properties of fault rocks relative to host rocks may be considerably different for faulting in highly porous sedimentary rocks and crystalline igneous and metamorphic rocks (e.g., Goodwin et al. 1999) . The focus of this paper is the structure of largedisplacement, strike-slip faults in relatively low porosity, well-lithified siliciclastic, igneous, and metamorphic rocks typical of continental crust. In addition, we focus on faulting in the severalkilometer depth range over which the transition from incohesive breccia-gouge to cohesive cataclasites occurs.
Many brittle fault zones in lithified rocks can be divided into two structural domains (Chester et al. 1993 ; Figure 1 ); a fault core (also referred to as "breccia zone" by Robertson (1983) , and "sheared zone" by Wallace and Morris (1986) ), and a surrounding damage zone (also referred to as "zone of fractured rock" by Wallace and Morris (1986) , and "transition zone" by Bruhn et al. (1994) ). In this model the entire fault zone is defined as the volume of rock about a fault that exhibits a deformation intensity that exceeds background levels. In the simplest case of a single fault with a symmetric damage zone, the fault core forms a tabular zone of highly deformed rock. The core displays highly deformed and reoriented host-rock structures, cataclastic foliations, severely comminuted and altered rocks such as gouge and ultracataclasite, and synfaulting mineralization. Almost all shear displacement across a fault occurs in the fault core, and thus at the macroscopic scale the fault core represents the "fault surface" (e.g., Chester and Chester 1998) . The damage zone is a much thicker zone of fractured and faulted rock that can display folded strata, subsidiary faults, fractures, veins, solution seams, comminuted grains, microfractures, localized alteration zones and mineralization. In general, intensity of damage increases towards the fault core, thickness of the damage zone varies laterally, and the transition from undeformed host-rock to damaged rock is gradational (e.g., Chester and Logan 1986) .
The detailed structure of brittle fault zones not only provides evidence of localization of shear to the fault core, but also evidence for extreme localization of slip within the fault core (e.g., Chester et al. 1993; Chester and Chester 1998) . Localization of slip is recorded by presence of discrete layers of gouge or ultracataclasite and mesoscopic slip surfaces. Cataclastic foliations within a fault core records distributed shear. Cataclasites often display a progressive grain size reduction and rotation of cataclastic foliations parallel to the fault with proximity to the ultracataclasite layer, consistent with an increase in shear towards the ultracataclasite. The extremely small and uniform particle size of ultracataclasite and sharp contact with surrounding cataclasites are taken as evidence of an abrupt change in magnitude of shear, and may reflect a change in the process of comminution, i.e., process of grinding and crushing solid rock into finer particles (e.g., Chester and Chester 1998) . As such, cores of brittle fault zones record valuable information about mode of failure, processes of localization, and extent of mixing of host rock lithologies across a fault (Figure 2 ).
In this paper we provide a detailed characterization of the structure of two largedisplacement, strike-slip fault zones, the Punchbowl and North Branch San Gabriel faults. Both faults are inactive traces of the San Andreas system in southern California. The San Andreas fault system is an integral component of the rifted margin between the Pacific and North American plates in California and Mexico. The San Andreas fault is one of the best studied faults in the world, and is central to the long-standing debate about the strength of faults that rupture the lithosphere (e.g., Brune et al. 1969; Hickman 1991; Scholz and Hanks, this book) . The Punchbowl and San Gabriel faults have been exhumed to reveal the products of faulting welllithified sedimentary and crystalline rocks under brittle conditions characteristic of the upper continental crust (e.g., Chester and Logan 1986; Chester et al. 1993) . In the following, we present a synthesis of new and previously published work to characterize and compare a fault zone containing a single, centrally located fault core and a fault zone containing paired fault cores. In addition, we document, through particle size analysis and detailed mapping, comminution processes and distribution of slip in the fault cores. Lastly, we address the origin of fault zone structure and relation of structure to mechanical and fluid flow properties.
Geology of the Punchbowl and North Branch San Gabriel Faults
The San Gabriel fault is one of the oldest, on-shore components of the modern San Andreas transform system, and during the Miocene (12 to 5 Ma) was the main fault of this system in the central Transverse Ranges of southern California (e.g., Powell et al. 1993) . The San Gabriel fault splays near Big Tujunga Creek in the western San Gabriel Mountains to form the South Branch and North Branch San Gabriel faults (Figure 3 ). The North Branch cuts post-Paleocene sedimentary rock and Proterozoic, Jurassic, and Cretaceous crystalline rock of the San Gabriel basement complex (Ehlig 1981) . The juxtaposition of igneous and metamorphic assemblages along the near-vertical North Branch San Gabriel and fabric of nearby subsidiary faults (Chester et al. 1993 ) are consistent with approximately 21 km of right-lateral strike-slip. Following the late Miocene, most transform displacement in the central Transverse Ranges occurred 30 km northeast on the Punchbowl fault and historically active trace of the San Andreas fault (e.g., Powell et al. 1993) .
The Punchbowl fault accommodated approximately 44 km of right-lateral separation in the San Gabriel Mountains during the Miocene and Pliocene as shown by offset of older structures, including the San Francisquito and Fenner faults (e.g., Dibblee 1968) . In Devil's Punchbowl Los Angeles County Park, the Punchbowl fault zone dips steeply to the southwest. Subsidiary fault and fold fabrics in the Punchbowl Park indicate right-lateral, oblique-reverse kinematics with a slip vector plunging approximately 30˚ to the southeast (Chester and Logan 1987) .
Uplift and erosion of the San Gabriel Mountains have exhumed the Punchbowl and North Branch San Gabriel faults resulting in excellent exposures of the products of faulting from 2 to 5 km depth. Uplift of the San Gabriel Mountains since Pliocene is largely the result of dip-slip motion on the north-dipping Sierra Madre-Cucamonga thrust system and regional arching of the Transverse Ranges (Oakeshott 1971; Morton and Matti 1987) . Estimates of depth of faulting for the Punchbowl and North Branch San Gabriel faults is based on post-Pliocene uplift and erosion rates for the San Gabriel Mountains (Oakeshott 1971; Ehlig 1975; Morton and Matti 1987) , thickness of the sedimentary sequence in Devil's Punchbowl basin cut by the Punchbowl fault (Chester and Logan 1986) , and mineral assemblages and microstructures of fault rocks (Anderson et al. 1983; Chester and Logan 1986; Evans and Chester 1995) . Alteration mineralogy is consistent with a slightly greater depth of faulting recorded along the North Branch San Gabriel fault than that along the Punchbowl fault (Chester et al. 1993) .
At the two locations of the North Branch San Gabriel fault studied in detail (Bear Creek and Devil's Canyon; Figure 3 ), the fault zone consists of a single fault core located near the center of the damage zone (Chester et al. 1993) . At both locations, the fault core contains a layer of ultracataclasite that is several centimeters to several decimeters thick. Distinctly different hostrock lithologies are juxtaposed across the ultracataclasite layer. At Devil's Canyon, a banded hornblende-and biotite-rich gneiss (Precambrian) occur on the north side and a hornblende diorite (Precambrian) cut by a complex of granitic dikes (Cretaceous) occurs on the south side. At Bear Creek, a granite (Cretaceous) and granodiorite (Permo-Triassic) on the north are juxtaposed against a quartz monzogranite (Cretaceous) and diorite gneiss (Precambrian) on the south. At both locations, the damage zone and neighboring host rock are derived from the same protolith, and the only major discontinuity in protolith type occurs across the ultracataclasite layer of the fault cores. This relation indicates that the majority of the shear displacement on the fault occurred in the ultracataclasite layers.
At the macroscopic scale, the Punchbowl fault zone consists locally of two semi-parallel faults bounding a sliver of damaged host rock tens to several hundreds of meters thick. In Devil's Punchbowl Park (Figure 3 ), the northern fault is defined by a fault core with a single layer of ultracataclasite several centimeters to 1 m thick (Chester and Logan 1986) . Arkosic sedimentary rocks of the Punchbowl Formation (Miocene-Pliocene) are in fault contact with an assortment of igneous and metamorphic rocks of the San Gabriel basement complex (Precambrian gneiss, and Cretaceous quartz diorite, quartz monzonite, and monzogranite) across the ultracataclasite layer. The southern fault is segmented, poorly developed, and often does not juxtapose different hostrock lithologies. These and regional relations led Chester and Chester (1998) to conclude that nearly all of the 44 km of displacement across the Punchbowl fault zone occurred in the fault core of the northern fault. To the southeast of the Devil's Punchbowl area, the Punchbowl fault zone cuts Paleocene Pelona schist, an interlayered greenschist facies metagraywacke, metabasalt, and metachert (Ehlig 1981) . At Wright and Pine Mountains, the fault zone contains two faults that are 153 m apart Evans 1998, 2000) . The magnitude of displacement on each fault is unknown.
Fault Zone Structure

North Branch San Gabriel Fault Zone -Damage About a Single Fault Core
Variation in intensity of damage across the North Branch San Gabriel fault zone is illustrated by the distribution of mesoscopic fractures, veins, subsidiary faults, and microfractures, as a function of distance from the central ultracataclasite layer of the fault core (Figure 4) . Although locally variable, each fabric element displays an overall decrease in abundance with increased distance from the ultracataclasite layer. Damage decreases to values representative of regional deformation at a distance of approximately 100 m from the ultracataclasite layer. Local increases in abundance and variability in damage at large distances are particularly evident in the mesoscopic data. In part, variations reflect local damage associated with large subsidiary faults. Overall, the damage zone displays a nested structure consisting of larger subsidiary faults clustered around the fault core, each having an associated halo of smaller faults and fractures. These data are consistent with a gradational and irregular boundary between the damage zone and surrounding host rock at the macroscopic scale.
Along the North Branch, the fault core is decimeters to meters thick and displays foliated and non-foliated cataclasites and ultracataclasite. The boundary between the fault core and bounding damage zone is gradational and irregular at the mesoscopic scale. Primary igneous and metamorphic textures of the host rock are partly destroyed through extreme cataclasis and mineralization within the fault core. Mesoscopic cataclastic foliations are developed best in gneissic host rock containing melanocratic layers and near the ultracataclasite. The cataclastic foliations are oriented sub-parallel to the fault consistent with a concentration of right-lateral shear to the fault core.
At Devil's Canyon, the relative distribution of shear strain in the fault zone is qualitatively recorded by reorientation of pre-existing fabric elements of the host rock. The host rock is a hornblende diorite cut by numerous granitic dikes having an approximately random orientation distribution. Dikes are fractured within the damage zone, but are significantly reoriented only within several meters of the ultracataclasite layer (Figure 5a ). The orientation of rotated dikes near the ultracataclasite layer is consistent with distributed right-lateral shear of passive markers. At this location, dike fabric may be used to demarcate the zone of high shear strain, i.e., core of the fault.
The fault core also may be identified on the basis of several microscopic fabric elements. In the North Branch San Gabriel fault zone at Bear Creek, the volume percent of mineralized particles and comminuted particles less than 10 µm in diameter increase dramatically within several meters of the ultracataclasite (Figure 5b, c; Chester et al. 1993 ). Volatile concentration (primarily H 2 O and CO 2 ) in samples collected from the fault zone, as estimated by loss on ignition, increases markedly at a distance of several meters from the ultracataclasite (Figure 5d ). The increase reflects the increased abundance of synfaulting alteration products of clay and zeolite within the fault core relative to that in the surrounding damage zone (Evans and Chester 1995) .
At many locations, the cataclasite in the fault core displays a composite planar fabric. Typically, the composite fabric consists of a crude layering developed through distributed cataclastic flow and offset along synthetic and antithetic shears. Layering is defined by compositional banding, crude shape fabrics, and preferred crystallographic orientation of phyllosilicate minerals, and is geometrically similar to the S-foliation and P-foliation in ductile and brittle shear zones, respectively (e.g., Rutter et al. 1986 ). Shears are preferentially parallel to subparallel to the fault, and geometrically similar to C and C' shears and to R and Y shears in ductile and brittle shear zones, respectively (e.g., Rutter et al. 1986 ). The fabric of shears in the fault core is different from that of subsidiary faults in the bounding damage zone. Synthetic and antithetic subsidiary faults associated with the North Branch San Gabriel fault constitute a quasiconjugate geometry with the bisector of the conjugates (i.e., the direction of contraction) oriented at high angles to the master fault.
Punchbowl Fault Zone -Damage About Paired Fault Cores
Distribution of damage within a fault zone about paired fault cores is illustrated by data from a traverse across the Punchbowl fault zone at the saddle between Wright Mountain and Pine Mountain (traverse 2 of Schulz and Evans 2000) . The linear density of mesoscopic fractures and subsidiary faults increases from the outer boundaries of the damage zone inwards toward each fault core, similar to that documented along the North Branch San Gabriel fault and elsewhere along the Punchbowl fault (e.g., Chester and Logan 1986) . However, throughout the sliver of rock bounded by the two fault cores, the intensity of damage is equal to or greater than that observed in the damaged host rock outside the sliver (Figure 6a ).
The spatial distribution of microscopic fractures, shears, and veins is similar to the mesoscopic data in that damage is high throughout the sliver. Microscopic data also show locally high damage adjacent to the fault cores (Figure 6b ). Abundance of veins and volatile concentration also increase near the two fault cores (Figure 6c, d ).
Particle Size Distributions
Herein, microscopic particles are defined on the basis of mineralogy and crystallography, i.e., particle boundaries include grain boundaries and microfractures separating different minerals or the same mineral but with different crystallographic orientation. By this definition, the undeformed host rocks have particle size distributions that reflect igneous, metamorphic, and sedimentary processes of formation. Cataclasis leads to grain size reduction and modifies the particle size distribution. Samples of ultracataclasite, cataclasite, protocataclasite, and undeformed host-rock were collected along traverses across the Punchbowl and North Branch San Gabriel faults at three different locations. Along the Cruthers Creek traverse (northwest of Devil's Punchbowl Park), where the southern core of the Punchbowl fault cuts monzogranite, syntectonic alteration was insignificant and ultracataclasite of the fault is mineralogically equivalent to surrounding host rock. Along the two traverses across the North Branch San Gabriel fault, at Devil's Canyon and Bear Creek, low-grade, syntectonic hydration reactions of amphiboles and micas to clays, and feldspar to laumontite, were significant (Evans and Chester 1995) .
Particle size distributions of all samples are similar if grouped according to structural position ( Figure 7 ). Undeformed host rock displays a narrow range of particle sizes. Cataclastic rocks have a lower density of large particles and higher density of small particles relative to host rock. Protocataclasites from the damage zone and cataclasites from the fault core have a fractal particle size distribution with a fractal dimension of 1.6 to 1.8 in a planar section. If fault rock fabric is isotropic, then the fractal dimension for a plane section would be increased by one for a three-dimensional volume (e.g., Sammis et al. 1987) . Ultracataclasite from the core of each fault is characterized by a fractal particle size distribution with a fractal dimension greater than 2 in a two-dimensional cross-section, which is significantly different than the neighboring cataclastic rocks (Figure 7 ). The size distribution for ultracataclasites records a substantial increase in density of small particles and a relative decrease in density of large particles relative to cataclasites.
Similarity in particle size distribution within each structural domain, regardless of lithology and degree of mineral alteration, suggests that comminution processes in each structural domain were independent of these parameters. Distinctly different particle size distributions of ultracataclasite and neighboring cataclasite, and the sharp contact between the two, likely reflect different comminution processes, or a marked change in degree of comminution by the same process, across the contact (Sammis et al. 1987; Blenkinsop 1991) .
Fault Cores
Punchbowl fault
The ultracataclasite layer in the northern fault core of the Punchbowl fault zone has been mapped at scales of 1:20 to 1:1 at four different locations in Devil's Punchbowl Park (Figures 8  and 9 ). At every location mapped, a single, continuous ultracataclasite layer juxtaposes cataclastic basement on the south and cataclastic sandstones of the Punchbowl Formation on the north. Fault-rocks derived from the Punchbowl Formation and crystalline basement are never found on the same side of the ultracataclasite layer. As shown in Figure 9 , fault-parallel lithologic layering is developed locally in the fault core adjacent to the ultracataclasite layer as a result of distributed cataclasis and subsidiary faulting. Similar to that documented through fabric analysis of the entire damage zone of the Punchbowl fault (Chester and Logan 1987) , synthetic and antithetic subsidiary faults near the ultracataclasite define a quasi-conjugate geometry with the bisector of the conjugates (axis of shortening) oriented at high angles to the layer.
The contact boundaries between the ultracataclasite layer and surrounding cataclastic rocks are irregular and non-parallel (Figure 8 ). At the mesoscopic scale, the boundaries display a roughness (ratio of the amplitude to the wavelength of geometric irregularities) of approximately 10 -1 (Chester and Chester 1998) . A single prominent fracture surface (PFS) cuts the ultracataclasite in all mapped exposures (Chester and Chester 1998) . The PFS is continuous across each mapped exposure, is located within the ultracataclasite or along the boundary of the layer, and cuts across the layer (boundary to boundary) in some locations. The PFS displays a mesocopic roughness of approximately 10 -3
, and is much more planar than the boundaries of the ultracataclasite layer. All mesoscopic scale structures truncate against the PFS (Figures 8 and 9 ).
Different ultracataclasite units have been identified within the layer on the basis of grain size, color, cohesion, fracture fabric, veins, and porphyroclast lithology (Chester and Chester 1998) . At all locations, two basic types of ultracataclasite comprise the layer as illustrated in Figure 8 . An olive-black ultracataclasite (hereafter referred to as black ultracataclasite) always is found in contact with cataclastic basement on the south side of the layer. A dark yellowish-brown ultracataclasite (hereafter referred to as brown ultracataclasite) always is found in contact with the cataclastic sandstone on the north side. The contact between the black and brown ultracataclasites is sharp, continuous, and either coincides with the PFS or is located near the PFS. The contact has mesoscopic roughness intermediate between that of the PFS and outer boundaries of the ultracataclasite layer. The relatively few pebble-to cobble-size porphyroclasts that are present in the ultracataclasite tend to occur in clusters ( Figure 8 ). Porphyroclasts of cataclastic sandstone are confined to the brown ultracataclasite and porphyroclasts of cataclastic basement are confined to the black ultracataclasite.
We infer that the brown ultracataclasite was derived primarily from the Punchbowl Formation sandstone because 1) it is always in contact with the cataclastic sandstone, 2) it contains only porphyroclasts of sandstone, 3) it is very similar in appearance to ultracataclasites in subsidiary faults of the Punchbowl Formation, and 4) porphyroclasts of sandstone are restricted to the brown ultracataclasite (Chester and Chester 1998) . On the basis of similar observations and reasoning, we infer that the black ultracataclasite primarily originated from comminution of crystalline basement.
Most of the ultracataclasite is cohesive due to syn-faulting cementation and fracture-sealing recorded by veins and vein fragments. A centimeter-thick accumulation of less-cohesive ultracataclasite occurs locally along the PFS. This less-cohesive ultracataclasite generally lacks veins and vein fragments. We infer that the PFS was a through-going, mesoscopic slip surface within the ultracataclasite because 1) the PFS is present and continuous in all exposures of the ultracataclasite, 2) all contacts, layering, and fracture surfaces in the ultracataclasite either merge with, or truncate against the PFS, 3) the PFS forms a contact between different fault-rocks, 4) the PFS displays a smaller roughness in the slip-parallel than in the slip-perpendicular exposures, consistent with mesoscopic-scale corrugations of the surface aligned with the inferred direction of slip on the Punchbowl fault, and 5) the PFS is spatially associated with the thin layer of lesscohesive ultracataclasite (Chester and Chester 1998) .
On the basis of geometry, location, cohesion, and porphyroclast content, we infer that the less cohesive ultracataclasite was produced by attrition wear during sliding on the PFS after the last major episode of cementation and veining. If true, the less-cohesive ultracataclasite was derived primarily by reworking the older, cohesive ultracataclasite because it and the PFS are almost wholly contained within the ultracataclasite layer. Only along the sections of the PFS that coincided with the contact between the ultracataclasite and surrounding cataclasite could new ultracataclasite material be produced by attrition of the cataclasite. Chester and Chester (1998) conclude that the Punchbowl Formation and crystalline basement were juxtaposed at the mapped location for at least the last two to ten kilometers of Punchbowl fault displacement on the basis of regional geology and outcrop relations in Devil's Punchbowl Park. We infer that the contact between the brown and black ultracataclasite units, which were derived from the Punchbowl Formation and crystalline basement, respectively, was originally formed by slip on the PFS. Formation of the contact by slip on the PFS is consistent with observations that the PFS does not cut across and offset the contact, and the PFS either coincides with, or is separated from, the contact by the less-cohesive, brown ultracataclasite. After the contact was formed, continued slip on the PFS resulted in the formation of a narrow layer of reworked, less-cohesive ultracataclasite.
The structure of the Punchbowl ultracataclasite appears consistent with the end-member mode-of-failure of little mixing and localized slip as shown in Figure 2a . The fact that brown ultracataclasite and associated cataclastic sandstone, and black ultracataclasite and associated cataclastic basement, are confined to opposite sides of the PFS, is evidence that slip occurred on the PFS with little branching or off-PFS shearing during the final phase of Punchbowl faulting. Apparently the change in location of the PFS relative to bounding rock was minor and occurred by migration via local reworking and accumulation of the less-cohesive ultracataclasite.
Although most exposures indicate that the PFS was a fairly stable feature during the final stages of fault displacement, there is structural evidence for a branch event at one of the mapped locations ( Figure 9 ). The branch event involved a relocation of the PFS and isolation of a 0.5 x 2 m sliver of cataclasitic-granite and -gneiss within the ultracataclasite layer on the northern (Punchbowl Formation) side of the PFS. The older, blocky, yellow-brown ultracataclasite and abandoned segment of the PFS is preserved between the sliver and the cataclastic sandstone. After branching, the PFS was re-established and the sliver was displaced with the sandstone host rock (Figure 9a ). Displacement of the sliver was accommodated in the bounding fault core and damage zone by offset on a network of antithetic and synthetic subsidiary faults. Trails of younger, flaky ultracataclasite containing many porphyroclasts from the basement sliver record localized slip and attrition wear along the boundary of the sliver and are most likely associated with the branching event. In addition, a brecciated and cemented ultracataclasite occurs as thin lenticular deposits along the PFS opposite to the sliver (Figure 9b ). Consistent with all other mapped locations, the most recently formed PFS is the most planar feature present and it truncates all other structures. Also similar, the youngest accumulation is a less-cohesive ultracataclasite that occurs in thin lenses along and adjacent to the PFS. The cross-cutting relations are consistent with progressive accumulation of ultracataclasite, from oldest at the boundaries and younging inward toward the PFS, except within the sliver generated by the branching event where a reversal in age progression would be expected. North Branch San Gabriel fault A 7-m long section of the North Branch San Gabriel fault core was mapped at a scale of 1:5 ( Figure 10 ). The outcrop surface is approximately perpendicular to the fault, but oblique to the inferred slip direction. Deformation and alteration of host rock increase towards the ultracataclasite layer, and the orientation of cataclastic foliation and the kinematics of subsidiary faults near the ultracataclasite are consistent with distributed right-lateral shear. On the basis of porphyroclast lithology, and progressive increase in deformation and alteration from the host rock through the damage zone and fault core, it is clear that the neighboring host rock outside the fault zone sourced the cataclastic rocks in the fault zone. The contact between the ultracataclasite and bounding foliated cataclasite is sharp at the mesoscopic scale, and the ultracataclasite layer constitutes a major discontinuity in protolith across the fault. Cataclastic foliations have been rotated into parallelism with the ultracataclasite at the contact, or are truncated by the ultracataclasite (Figure 10 ).
Although some of foliated cataclasites are very fine grained, the ultracataclasite is easily distinguished by a uniform micron-scale grain size and lack of mesoscopic porphyroclasts. A single PFS with roughness of approximately 10 -3 is present within the ultracataclasite along the entire length of the outcrop. Contacts between the different ultracataclasites are sub-parallel to the overall layer and either merge with, or are cut by, the PFS (Figure 10 ). Cross-cutting relations are compatible with the conclusion that the oldest ultracataclasite occurs along the boundary of the layer, and progressively younger ultracataclasite units occur towards the PFS. Each type of ultracataclasite is confined to one side of the PFS.
At the eastern end of the mapped exposure, a segmented layer of cohesive, blocky, dusky yellowish-brown ultracataclasite is present on the northern side of the PFS (Figure 10 ). This segmented layer and the ultracataclasite layer along the PFS bound a sliver of grayish-brown, foliated cataclasite containing large granitoid porphyroclasts. The sliver contains rock types exotic to the outcrop, and is interpreted to have formed by an ancient branch event. The segmented ultracataclasite layer likely reflects the portion of the ancient ultracataclasite layer and PFS that was abandoned by the branch event. Subsidiary faulting and distributed cataclasis after the branch event resulted in the present geometry. A few less-obvious pods of ultracataclasite are isolated within the foliated cataclasites; these may record earlier branch events.
Some fault displacement was accommodated by shear in the foliated cataclasites of the fault core, however, the majority of fault displacement occurred within the ultracataclasite layer. Displacement was localized to the ultracataclasite layer early in the faulting history and to the PFS at least during the final stages of faulting. Overall, the North Branch San Gabriel fault structures are consistent with progressive production and accumulation of ultracataclasite along a single slip surface that was long-lived and relatively stable, similar to the end-member case depicted in Figure 2a of localized slip with little mixing.
Discussion
Fault Zone Structure for Single and Paired Fault Cores
The variation in deformation intensity across the Punchbowl and North Branch San Gabriel fault zones, as defined by each individual fabric element, does not correlate exactly. However, we suggest that to first approximation, features of the fault zone may be grouped into those that define the fault core and those that define the damage zone (Figure 11 ). Elements that define the fault core, such as fine grain size and mineral alteration, reflect high shear strain, extreme comminution, and enhanced fluid-rock reactions. Elements that define the damage zone, such as fractures and subsidiary faults, reflect stress cycling throughout displacement history of the fault.
The density of fabric elements in a damage zone bounding a single fault core, as in the North Branch San Gabriel fault, may be modeled as decreasing linearly with the logarithm of distance from the ultracataclasite layer, similar to that reported for other fault zones with smaller displacements (Anders and Wiltschko 1994; Scholz et al. 1993; Vermilye and Scholz 1998) . Such a distribution describes a marked change in damage intensity with distance near the fault core, subtle changes in damage intensity with distance far from the fault core, and an outer boundary that is gradational with the undeformed host rock (Figure 11a) .
We use observations of the Punchbowl fault to test the hypothesis that the distribution of damage elements in a fault zone containing paired fault cores is predicted by a simple linear superposition of damage associated with each individual fault core (Figure 11b ). For the case of the Punchbowl fault at location T2 in the Pelona Schist, the distance between the paired fault cores is similar to the thickness of the damage zone of the North Branch San Gabriel fault (Figures 4 and 6) . Superposition of the damage distribution of the North Branch San Gabriel fault about each fault core of the Punchbowl fault predicts a decrease in damage with log distance from the paired fault cores outward towards the undeformed host-rock, similar to that observed in the Punchbowl fault (Figures 6 and 11) . However, this prediction underestimates the observed damage in the region between the fault cores. We suggest that the high intensity of damage between paired fault cores reflects the mechanical interaction of the two faults. Mechanical analyses of paired faults and overlapping fault segments indicate local modification of stress states that can increase the likelihood of fracturing rock between two faults (e.g., Segall and Pollard 1980; Johnson and Fletcher 1994) . Observations of small faults also indicate enhanced fracturing in regions between paired or overlapping fault segments (e.g., Segall and Pollard 1983; Martel 1990) . Mechanical interaction between paired faults could provide an explanation for the very broad zones of damage observed along some large-displacement, strikeslip fault zones.
Fault Evolution and Origin of Damage Zones
Damage may accumulate during fault growth from process-zone deformation associated with propagation of fault tips (e.g., Cowie and Scholz 1992; Scholz et al. 1993) , progressive deformation associated with stress cycling from displacement on non-planar and segmented faults (e.g., Flinn 1977) , and stress cycling from repeated passage of propagating slip events (e.g., earthquake ruptures, Rudnicki 1980) . Experiments and field studies indicate that growth of brittle fault zones occurs by a complex breakdown process at fault tips involving coalescence of fractures and shears to form through-going fault cores (e.g., Cowie and Scholz 1992; Reches and Lockner 1994) . Concentration of shear stress at tips of faults produces arrays of cracks that extend, interact, and ultimately link. This growth process is associated with a reduction in strength from the intrinsic yield strength of the intact rock to residual frictional strength on the through-going fault core (Cowie and Scholz 1992) . Scholz et al. (1993) suggested that a propagating fault tip would leave in its wake a zone of fractured rock about the fault core that is similar to the zone of damage observed along established faults. If true, the thickness of the damage zone should scale with the breakdown process zone.
Shear displacement on a non-planar fault will lead to geometric mismatch, local stress concentration, and additional deformation of rock surrounding the fault (e.g., Flinn 1977; Chester and Chester 2000) . Continued slip on irregular faults will produce stress cycling and damage in the host rock that ultimately may overshadow the relict damage from tip propagation. Fault surfaces display roughness at all scales (e.g., Scholz and Aviles 1986; Power and Tullis 1991) , so outwardly expanding zones of damage might be expected as fault displacement accumulates because larger wavelength roughness elements will be juxtaposed with greater slip (e.g., Scholz 1987) . In this case, thickness of a damage zone should scale with total fault displacement.
Inhomogeneous slip or propagating slip patches (e.g., earthquake ruptures) also will produce stress concentrations resulting in additional deformation adjacent to faults. Growth of an individual earthquake rupture involves a breakdown process at the rupture tip similar to the process of fault growth (e.g., Rudnicki 1980; Scholz et al. 1993; Swanson 1992) . The structural signature from passage of a seismic rupture probably is a narrow zone or zones of concentrated shear demarcating the rupture surface within a broader zone of distributed fracturing. The cumulative effect of numerous ruptures on a large-displacement, seismic fault may be a damage zone characterized by a thickness that scales to the breakdown dimension of earthquake ruptures. The breakdown dimension for an earthquake rupture on an existing fault is probably less than that for formation of a new fault (Cowie and Scholz 1992) . Thus, the thickness of a damage zone produced during seismic slip may be less than that produced during initial stages of fault formation and growth.
For small faults, damage associated with stress cycling from slip on rough surfaces or from repeated earthquake rupture is probably less important due to the small magnitude of total displacement. Observations of microfracture fabric and density distribution about small faults appear to compare well with expectations based on models of fault tip stresses associated with fault growth (Vermilye and Scholz 1998) . The studies of fault development in crystalline rock by shear along pre-existing joints also show secondary fracturing concentrated in the tip regions and in areas of fault overlap and interaction (e.g., Segall and Pollard 1983; Martel 1990 ). These and numerous other studies of fault growth support the conclusion that faults lengthen through tip propagation and segment linkage, and that the process is somewhat scale-invariant (e.g., Davison 1983; Ben-Zion and Sammis, in press). In many cases, fault segments are en echelon and linkage involves relatively intense fracturing and secondary faulting over a broad region. Damage associated with a large displacement fault that is relict from development by segment growth and linkage likely would be heterogeneous in dimensions and intensity along strike. Portions of a fault zone developed through linkage may contain more distributed and intense damage than portions developed through activation of pre-existing weaknesses and tip propagation.
Large displacement faults described herein display a relatively ordered structure that is continuous along strike, albeit with some variability in relative intensity and dimensions. A relatively ordered damage zone is consistent with an origin by stress cycling and progressive accumulation of damage as slip accrues.
Slip on the Punchbowl and North Branch San Gabriel faults must have localized to a fault core early in the displacement history because host-rock lithology only changes across the ultracataclasite layer, cataclastic foliations largely are confined to the fault core, and foliations locally are truncated by the ultracataclasite. The basic features, damage zone, fault core, and localized slip surface, probably formed early in the faulting history, although the damage zone probably was disordered and the slip surfaces less stable during early stages. The structure of small, brittle, strike-slip faults in crystalline rock, formed at similar depths to the fault exposures studied herein, are consistent with the inference that slip is localized and with the suggestion that basic elements of fault zones are established early in displacement history (e.g., Evans et al., unpublished manuscript) .
Although localization to a slip surface occurred early, additional deformation in the damage zone and fault core of the Punchbowl and North Branch San Gabriel fault zones occurred throughout the displacement history. For example, the present structure of the ultracataclasite is most consistent with the branching events having occurred during intrmediate or later stages of fault displacement history. Features produced during the branching event, such as the abandoned ultracataclasite contacts, are offset by subsidiary faults and distorted by local flow. Overall, the spatial relation between geometric irregularities of the ultracataclasite-cataclasite contact and subsidiary faults in the bounding cataclasite and damage zone record structural modification by fracturing, faulting and flow during early, intermediate, and late stages of the displacement history.
The fabric of subsidiary faults in the damage zone of both faults also record deformation after fault formation. Quasi-conjugate subsidiary fault fabrics record a contraction direction at high angles to the principal faults. High-angle shortening is similar to that inferred from earthquake focal mechanisms for the modern San Andreas fault (e.g., Zoback and Beroza 1994; Savage 1994) , and may be most compatible with slip on a pre-existing fault rather than fault formation by tip propagation (e.g., Scholz et al. 1993; Chester and Chester 2000) . Additional information on timing of deformation along the Punchbowl fault is provided by the study of microfractures in the sandstone of the Punchbowl Formation in Devil's Punchbowl Park (Wilson et al., unpublished manuscript) . The fabric of healed (fluid inclusion planes), sealed (containing secondary mineralization), and open microfractures in the damage zone of the Punchbowl fault are consistent with the shortening direction inferred from the subsidiary fault fabric (Wilson et al., unpublished manuscript) . Cross-cutting relations constrain the timing of fracturing during movement on the Punchbowl fault. The fabrics of healed (early phase), calcite-sealed, and open (latest phase) microfractures record fairly similar average stress for all phases of deformation, and are consistent with progressive microfracture development from local stress cycling of the wall rock associated with movement along a weak, non-planar fault.
Comminution Processes
Different types of fault rocks may reflect progressive comminution by a single process or different comminution processes that operate independently. Sibson (1986) identifies three types of cataclasites associated with different processes of cataclastic grain size reduction. Attrition breccias are highly comminuted rock produced by abrasive wear along sliding surfaces. Crush breccias record distributed fracturing and particle crushing due to stress cycling as might occur along faults. Implosion breccias have jigsaw-puzzle-type clast geometry and are thought to form by a sudden decrease in pressure as might occur during earthquake rupture propagation into a dilational jog (Sibson 1986 ). Both the crush and implosion breccias record substantial deformation, but may not necessarily record large shear strain. In contrast, attrition breccias necessarily are associated with sites of shear. We interpret the different types of fault-rocks in the Punchbowl and San Gabriel faults in the context of Sibson's (1986) attrition, crush and implosion breccias.
Within the Punchbowl and North Branch San Gabriel fault zones, deformation in the damage zone is characterized by distributed fracture and particle size reduction even though relatively little shear strain was achieved. The overall increase in intensity of fracturing towards the fault cores produced progressively finer particles. Observations are compatible with many episodes of healing, sealing, and fracturing in the damage zone, and with rock repeatedly loaded to failure. Characteristics of the cataclastic rock in the damage zone are consistent with a crush-breccia classification (Sibson 1986 ).
The distribution of fracture and particle size reduction recorded in crush breccias may be consistent with constrained comminution. Constrained comminution is the tensile fracturing of particles resulting from loading by neighboring particles where the greatest probability of fracture occurs if neighboring particles are similar in size. The constrained comminution model for fragmentation of a three dimensional granular material (Sammis et al. 1987 ) predicts a fractal particle size distribution with dimension of approximately 2.6, which is very similar to that observed for the cataclasites and protocataclasites bounding the ultracataclasite layers of the Punchbowl and San Gabriel fault zones (Figure 7 ). Not only does constrained comminution produce a fractal particle size distribution, it also results in a geometrical arrangement in which neighboring particles are different in size. This geometrical arrangement of particles is observed in the protocataclasites and cataclasites of the damage zone.
Similar to the findings from previous studies of fault rocks, we find the fractal dimension of the finer grained fault-rocks tends to correlate with maximum fragment size, and fault-rocks from regions of concentrated shear generally have a larger fractal dimension (Blenkinsop 1991; An and Sammis 1994) . The particle size distribution of the ultracataclasites is characterized by a fractal dimension larger than 3 (in three dimensions). The foliated cataclasites and ultracataclasites of the fault core consist of a fine-grained cataclastic matrix containing relatively large porphyroclasts of veins and host rock. The matrix supported porphyroclast texture is not the expected geometrical arrangement of particles for the constrained comminution process.
The particle size distribution and particle arrangement of the foliated cataclasites and ultracataclasites could be produced by constrained comminution if an additional fragmentation process was active. An and Sammis (1994) suggest that finer grained fault rocks will result naturally from progressive deformation to high shear strains if the probability of particle fracture in constrained comminution also depends on absolute particle size, such as would occur if there is a grinding limit. Given the large shear strain in the fault cores, the particle size distributions of the ultracataclasites could be the end product of progressive fragmentation by constrained comminution with a grinding limit. From such a model, one would expect a record of progressive comminution in the form of a continuous reduction in particle size towards the locus of highest shear strain. Such a progressive grain size reduction is observed in the traverse from fractured host-rock to protocataclasite of the damage zone, and through cataclasite and foliated cataclasite of the fault core. However, the contact with the ultracataclasite is sharp forming a texturally discontinuous boundary. We suggest that an additional process contributes to the formation of the ultracataclasite and this distinct textural boundary.
Localization of Slip and Formation of Ultracataclasite
The PFS, a surface of localized sliding during late-stage faulting (Chester and Chester 1998) , may have been a dominant slip surface throughout faulting history. If true, the generation and progressive accumulation of finely comminuted material from abrasive wear along such a slip surface could explain a number of important characteristics of the ultracataclasite layer including the 1) uniform and extremely fine grain size of ultracataclasite, 2) layered structure of ultracataclasite units and truncation of layers at the PFS, 3) general decrease in age of accumulation of the layers of ultracataclasite towards the PFS, and 4) sharp contact between the ultracataclasite and surrounding cataclastic rocks (Chester and Chester 1998) .
Laboratory experiments of sliding friction between rock surfaces with and without simulated gouge demonstrate that comminution along localized sliding surfaces can produce extremely fine-grained wear products. Shear of granular material at high pressure to a shear strain of about one produces a fractal particle size distribution similar to that produced by constrained comminution (e.g., Biegel et al. 1989) . After additional shear, however, slip localizes to form discrete shears and fractal dimension of the particle size distribution is increased within the shears (Marone and Scholz 1989) . Similarly, extremely fine particles are produced during sliding of rock-on-rock surfaces (e.g., Moody and Hundley-Goff 1980) . Comminuted material produced by grinding and abrasive wear of micro-roughness features on sliding surfaces is an attrition breccia (Sibson 1986 ). We classify the ultracataclasite in the Punchbowl and San Gabriel faults as attrition breccias because the ultracataclasites have a uniform texture throughout, generally lack survivor porphyroclasts, have a particle size distribution with a large fractal dimension, and are spatially associated with slip surfaces. Specifically, we interpret that all the ultracataclasite was formed by a process of abrasive wear from sliding along a PFS.
For sliding along a slip surface, the wall rocks on opposing sides of the surface move parallel to the surface. However, where rock along the surface undergoes abrasive wear, wall rocks will converge gradually towards the sliding surface. At locations where the fine-grained product of abrasive wear accumulates along the surface the wall rocks will diverge gradually from the sliding surface. Even for low rates of abrasive wear, significant accumulations would likely occur after kilometers of displacement. For a slip surface largely contained within an ultracataclasite layer, as is the case of the PFS of the Punchbowl and North Branch San Gabriel faults, the pre-existing ultracataclasite would be abraded by additional slip. Only in locations where the slip surface is against host-rock would the abrasive wear product be derived directly from the cataclastic rocks outside the ultracataclasite layer.
If the slip surface is continuous and long-lived, then the accumulation of ultracataclasite could be very ordered. Off-surface deformation of the wall rocks, such as by subsidiary faulting, folding, and cataclastic flow, may lead to local divergence of wall rock from the slip surface and provide a site for long-term accumulation of ultracataclasite. Similarly, wall rock deformation can produce convergence of the wall rocks and long-term wear. In exposures mapped, the geometry of subsidiary faults adjacent to the ultracataclasite layers suggests that fault-parallel extension of the wall rock was common. Figure 12 is a schematic representation of progressive wear and accumulation that appears common in the mapped exposures of the Punchbowl and North Branch San Gabriel faults. In this example, movement on a subsidiary fault leads to local wear and accumulation along one side of the slip surface. Note that the sequential accumulation produces younging of ultracataclasite accumulation inward towards the slip surface, as well as truncation of layering at the surface, as is observed in mapped exposures.
Although not a common feature, incorporation of slivers of wall rock into the ultracataclasite layer by branching of the slip surface also must be considered in models of ultracataclasite evolution ( Figure 13 ). An observation from the mapped exposures is that the most recently active slip surface is planar and the abandoned slip surface is folded about the sliver. The sequence shown in the schematic implies that the branching fault formed along a curved trajectory, much like a side-wall rip-out (e.g., Swanson 1989) , and then acquired a planar geometry through wall rock deformation. It is equally plausible, however, that the wall rock deformation occured simultaneously or earlier to deform the original slip surface such that the branch propagated along a planar trajectory. An important consequence of branching is that the age progression of ultracataclasite accumulation may be disrupted through branching.
As suggested by the structure of fault cores studied herein, the PFS spans the ultracataclasite layers and can occur at the boundary of the surrounding cataclastic rock. Detailed inspection of these locations shows that the structures in the cataclasite are truncated at the PFS and that the textural change from cataclasite to ultracataclasite is abrupt, consistent with the interpretation that the cataclasite underwent abrasive wear at the surface. It follows that if accumulation of ultracataclasite occurs at a site following abrasive wear of the cataclastic wall rock, then the contact that formed between the ultracataclasite and wall rock will remain texturally distinct and sharp because it is a fossil slip surface. The contacts of ultracataclasite and wall rock formed by such a process should have small roughness (e.g., 10 -3 ). In the exposures mapped, it is clear that the contacts bounding the ultracataclasites have a roughness ten to hundreds times greater than the roughness of the PFS. However, the present roughness of the contacts is not a primary characteristic, rather it reflects minor deformation of the wall rock after the contacts were formed via minor subsidiary faulting, folding and cataclastic flow.
For very large displacement faults having long-lived slip surfaces and ultracataclasite layers produced through abrasive wear and progressive accumulation, contacts within and bounding the ultracataclasite units should be sharp and continuous unless they were disrupted by subsequent deformation. Not only do the Punchbowl and North Branch San Gabriel faults display structures consistent with such a model, the continuity of ultracataclasite contacts further attest to the occurrence of relatively minor wall rock deformation after the contacts formed.
Implications for Mechanical and Fluid-Flow Properties
A fault-core damage-zone structure is typical of many large-displacement, strike-slip faults in crystalline and well-lithified sedimentary rock at shallow to intermediate depths where deformation is dominantly brittle (e.g., Ohtani et al. 2000; Chester and Logan 1986; Wallace and Morris 1986; Flinn 1977) , and has been used to characterize the permeability and mechanicalproperty structure of fault zones in the continental crust (e.g., Gudmundsson et al. 2001; Lockner et al. 2000; Moore et al. 2000; Seront et al., 1998; Evans et al. 1997; Caine et al. 1996; Bruhn et al. 1994) . The fault core and damage zone characterization also is compatible with descriptions of some dip-slip faults (e.g., Cowan, 1999; Manatschal 1999; Lister and Davis 1989; Kennedy and Logan 1998; Wojtal and Mitra 1986 ) and strike-slip faults from deeper crustal levels where intracrystalline plastic mechanisms contribute significantly to deformation (e.g., Stewart et al. 1999; White and White 1983) . Localization of slip to narrow, meters-thick zones has been documented in a number of these fault zones, yet few studies have suggested that kilometers of displacement are accommodated by sliding on discrete, continuous, long-lived slip surfaces within fault cores (e.g., Chester and Chester, 1998) .
Structures produced by extreme localization of slip in detachment faults of metamorphic core complexes (e.g., Lister and Davis, 1989) and other normal faults (e.g., Manatschal 1999; Cowan, 1999) are similar to the Punchbowl and North Branch San Gabriel faults in that they all have thin ultracataclasite layers and slip surfaces that juxtapose distinctly different rock types and, in at least some cases, are bounded by a damage zone cut by a subsidiary fault fabric that records shortening at a high angle to the fault (Axen and Selverstone 1994; Chester et al. 1993; Chester and Logan 1987; Reynolds and Lister 1987) . Detachment faults are late-stage features in the upper several kilometers of the crust, representing the last in a succession of normal faults and ductile shear zones that cut through the extending crust (Lister and Davis 1989 ). The depth range over which extreme localization occurs in dip-slip and strike-slip faults is uncertain.
A critical question regarding the significance of fault structure to earthquake mechanics is whether slip on the PFS in the Punchbowl and North Branch San Gabriel faults was associated with nucleation and propagation of earthquake ruptures. By analogy with nearby active faults of the San Andreas system in the Transverse Ranges of southern California, we have hypothesized that these faults were seismic at least at some time during their history (Chester et al. 1993) . If true, the composite structure of each fault zone records the passage of numerous earthquake ruptures. The overall slip distribution of the two faults is consistent with this hypothesis, but some structural details of the fault core may appear inconsistent with dynamic rupture. Dynamic, propagating earthquake ruptures are expected to generate large magnitude transient stress at rupture tips, which may lead to rupture branching and structural disorder (e.g., Reches 1999) . In addition, localization of seismic slip to a PFS should generate significant heat during an earthquake at several kilometers depth if faults follow laboratory friction laws (e.g., Kanamori and Heaton 2000) . The laterally continuous and layered structure of the ultracataclasite and PFS are not consistent with a disordered structure and significant branching events. Furthermore, the Punchbowl and San Gabriel faults do not display pseudotachylytes or other evidence of locally elevated temperature.
Pseudotachylytes are the only feature in ancient, exhumed faults considered diagnostic of the mode of slip (e.g., Sibson 1989) . Pseudotachylytes in fault zones are the product of frictional melting, which generally requires seismic slip-rates at moderate pressure and localization of slip to surfaces or narrow zones. Although, the extreme localization of slip and inferred depth of faulting in the Punchbowl and North Branch San Gabriel faults is consistent with pseudotachylyte development during seismic slip, the lack of pseudotachylyte can not be taken as evidence for aseismic creep.
Pseudotachylyte and other fault rocks were recovered from the main shear zone of the Nojima fault in the Hirabayashi (Awaji Island) borehole one year after the 1995 Hyogo-ken Nanbu (Kobe) earthquake (e.g., Boullier et al. 2001; Tanaka et al. 2001; Ohtani et al. 2000) . The Nojima fault is a right-lateral reverse-oblique slip fault with unknown total displacement. The maximum magnitude of slip during the 1995 Kobe earthquake was 2.15 m with 1.8 m right-slip and 1.3 m reverse-slip. The borehole crossed the main shear zone of the fault at a depth of approximately 624 m, and samples from the fault zone were recovered over the depth range 152.2 to 746.7 m. Several lines of evidence suggest the 1995 Kobe earthquake rupture occurred in the main shear zone .
On the basis of mineralogy, fluid inclusions, and microstructures, most of the fault-rocks recovered are interpreted to have formed at depths greater than the cored interval (Boullier et al. 2001; Ohtani et al. 2000) . Deformation and alteration document a damage-zone and fault-core structure similar to the Punchbowl and North Branch San Gabriel fault zones (Tanaka et al. 2001; Ohtani et al. 2000) . Several stages of faulting were recorded by a variety of fault-rock types, including pseudotachylyte, ultracataclasite, cataclasite, breccia and gouge. The pseudotachylyte appears the most ancient, and apparently was formed at significantly greater depth (5-10 km) than the cored interval (Boullier et al. 2001; . The pseudotachylyte occurs as mm-thick dark gray or brown bands separated by thin layers of brecciated pseudotachylyte. Locally, bands are folded, boudinaged, and embedded in homogeneous glassy pseudotachylyte. The banded pseudotachylyte is cut and offset by later mineral-filled fractures. Although there is some record of coseismic and post-seismic deformation in the form of fresh fractures and mineralized veins, to a large extent the fault rocks were not greatly disrupted during the 1995 Kobe earthquake. Samples from the Hirabayashi borehole show that very delicate, ancient, deformation features, such as the banded pseudotachylyte, may be preserved in a seismic fault even very close to an earthquake rupture surface. Accordingly, preservation of ordered, delicate structures in the Punchbowl and North Branch San Gabriel fault cores can not be used as evidence of aseismic creep.
The extreme localization of slip to a PFS is consistent with the geometry and slip distribution expected for faults that display slip-or rate-weakening mechanical properties necessary for earthquake nucleation (Chester & Chester 1998 ). Maintenance of a PFS and confinement of slip to this surface over the life of a fault, as inferred for the Punchbowl and North Branch San Gabriel faults, implies that the surface was extremely weak. Whether the weakness was absolute or only relative to surrounding rock is an important question to resolve. There are several hypothesized mechanisms of earthquake rupture that require localized slip and significant dynamic weakening, such as elastohydrodynamic weakening . Such mechanisms have been invoked to explain characteristics of earthquakes and the low apparent strength of the San Andreas fault (e.g., Kanamori and Brodsky 2001; Kanamori and Heaton 2000) .
Geophysical characteristics of a fault zone may be significantly different than those of the bounding host rock (e.g., Ben-Zion and Sammis, in press) because of the presence of fractures, subsidiary faults, mineral alteration and cementation. Electromagnetic and seismic imaging studies suggest that faults are tabular zones of reduced resistivity and seismic velocity (e.g., Eberhart-Phillips et al. 1995) . Waveform modeling of seismic fault-zone guided waves suggests that these tabular zones of reduced velocity are similar in dimension to the damage zones of the Punchbowl and North Branch San Gabriel faults (Li et al. 1994; Ben-Zion and Malin 1991) . Observations that the fracture and fault density increase towards fault cores suggest that elastic properties will vary similarly, for example, Young's modulus should decrease gradually from the boundaries of a fault zone toward the fault core (Chester and Logan 1986) .
On the basis of direct measurement of mechanical and fluid-flow properties of fault-rock samples from the damage zone of the Punchbowl fault, Chester and Logan (1986) suggest that fault zones in crystalline rock should display a gradual increase in permeability and relative ductility, and decrease in strength across the damage zone to the core. The boundary between the fault core and damage zone should be characterized by a sharp reduction in strength and permeability, and increase in ductility. Direct measurements on other fault rocks support this general characterization for crystalline host rocks (e.g., Forster and Evans 1991; Evans et al. 1997; Seront et al. 1998; Lockner et al. 2000; Moore et al. 2000) . Using a damage-zone faultcore structure and classifying it as a barrier-conduit system, Caine et al. (1996) predict fluid-flow properties across and along such a fault zone. In this permeability model, the relatively permeable damage zone acts as a conduit for fluid flow along the fault and the low permeability fault core serves as a barrier for cross-fault flow. As noted by Caine et al. (1996) , a number of intrinsic and extrinsic parameters influence the fault permeability structure, including porosity and degree of lithification. Deformation of porous rocks and poorly lithified sediments may instead lead to reduction in permeability of the damage zone relative to the undeformed host (e.g., Antonellini and Aydin 1995; Rawling et al. 2001; Shipton et al. 2002; Hesthammer and Fossen 2000) . Faults in poorly lithified sediments contain mixed zones, which are distinct in character and genesis from the components of the damage-zone and fault-core model described for crystalline and well-lithified sedimentary rock, and illustrate the importance of host lithology on fault structure and faulting mechanisms (e.g., Goodwin et al. 1999; Rawling et al. 2001) .
A simple, one-dimensional model of fault structure only provides a basic understanding of the Punchbowl and North Branch San Gabriel fault systems. Critical to understand are spatial (3D) and temporal variations in fault zone properties, including changes related to the seismic cycle. Localized slip in a fault core and more distributed fracturing as a result of rupture tip propagation may enhance both across-and along-fault fluid-flow during and immediately following seismic rupture (e.g., Sibson 1992) . Creep compaction, healing and sealing in a fault zone during interseismic periods may lead to significant reductions in permeability, strength recovery, and changes in elastic properties. Additional work directed at understanding these changes will significantly enhance our understanding of the role of faults in rupturing the lithosphere.
Conclusions
The North Branch San Gabriel and Punchbowl faults consist of one or more tabular zones of highly deformed rock formed by concentrated shear located within a much thicker zone of fractured and faulted rock referred to as fault core(s) and damage zone, respectively. The intensity of damage increases towards the fault core, the thickness of the damage zone varies laterally, and the transition outward from damage zone rock to undeformed host-rock is gradational. Localization of slip within the fault core is recorded by the presence of discrete layers of gouge or ultracataclasite and mesoscopic slip surfaces. Almost all shear displacement across the faults occurs in the ultracataclasite and thus, at the macroscopic scale, the ultracataclasite layer in the fault core represents the fault surface.
The North Branch San Gabriel fault zone contains a single fault core located near the center of the damage zone. The Punchbowl fault zone contains paired fault cores separated by a sliver of damaged rock that is tens to several hundreds of meters thick. For the fault zone containing paired fault cores, the distribution of damage outside the sliver is similar to that observed in the fault zone containing a single fault core. Within the sliver, however, the damage intensity is greater than that expected by simple linear superposition of the damage expected for each of the paired fault cores individually. We infer that the increased intensity and extent of damage in the sliver between paired faults reflects enhanced stress concentration from mechanical interaction of the faults.
The large-displacement, strike-slip faults described herein display an ordered structure that is relatively continuous along strike, albeit with some variability in relative intensity and dimensions. Elements that define the fault core, such as fine grain size and mineral alteration, reflect high shear strain, extreme comminution, and enhanced fluid-rock reactions. Elements that define the damage zone, such as fractures and subsidiary faults, reflect stress cycling throughout fault displacement history. Slip was localized and basic elements of fault structure were established early in the displacement history. The ordered damage zone and fault core structure noted herein, which is not characteristic of small displacement faults, implies that damage continues to occur throughout fault history in response to stress cycling.
Particle size distributions of host-rock and fault-rock samples from three different traverses are similar when grouped by structural position. Protocataclasites and cataclasites from the damage zone have fractal particle-size distributions and geometrical arrangement of particles consistent with constrained comminution (Sammis et al. 1987) , and may be classified as crush breccias. (Sibson 1986 ). The size distribution and arrangement of particles in the fine-grained foliated cataclasites and ultracataclasites of the fault core are distinct from the other fault rocks, but could be consistent with constrained comminution if fracturing also depended on absolute particle size. Structural relations, including the sharp contact between the ultracataclasite layer and bounding cataclasite, and association of ultracataclasites with mesoscopic slip surfaces, lead us to conclude that the rocks in the fault cores are better classified as attrition breccias (Sibson 1986 ) that they formed by a process other than constrained comminution.
The PFS in the Punchbowl and North Branch San Gabriel fault cores are much more planar than the contacts of the ultracataclasite with the surrounding cataclastic rock, and always occur along a boundary or within the layer. Progressive accumulation of ultracataclasite from abrasive wear along a slip surface throughout faulting history can explain the uniform and extremely fine grain size of the ultracataclasite, layered structure of ultracataclasite units and truncation of layers at the slip surface, and sharp contact between the ultracataclasite and surrounding cataclastic rocks. Longevity and relative stability of the slip surface is evidenced by the ordered accumulation of progressively younger ultracataclasite inwards toward the slip surface. Although not a common feature, the incorporation of slivers of wall-rock into the ultracataclasite layer by branching of the slip surface occurred within both fault zones.
An important question remains as to whether the extreme localization of slip that occurred in the Punchbowl and North Branch San Gabriel fault at 2 to 5 km depth is a feature common to most large-displacement faults. Extreme localization of slip to a narrow zone, with or without localization to continuous slip surfaces, has been documented for other strike-slip faults and lowangle (detachment) normal faults. The maintenance of the slip surface and confinement of slip to this surface over the life of the Punchbowl and North Branch San Gabriel faults imply that the slip surface was extremely weak. Whether the weakness is absolute or only relative to the surrounding rock, and whether the observed localization is associated with seismic slip, are important questions to resolve.
Strength, ductility, elasticity, permeability, and other properties will be strongly affected by the presence of fractures, subsidiary faults, mineral alteration and cementation. The fault-core damage-zone description of a large-displacement fault in well-lithified sedimentary and crystalline rock provides a useful framework to describe the mechanical properties, fluid-flow properties, and geophysical characteristics of fault zones. There remains much uncertainty regarding temporal variation in properties over the life of faults as well as over the seismic cycle. Additional study of faults in all tectonic settings, depth ranges, and host rock lithology is needed to further our characterization and understanding of the structure of, and fundamental physical processes operative in, crustal fault zones. Figure 5 . Variation in structural features across a fault zone containing a single fault core, North Branch San Gabriel fault. Distance is measured normal to the fault from the ultracataclasitecataclasite contact. Columns on the left side of the plots in b), c) and d) show measurements from within the ultracataclasite layer. All features show a marked change at several meters distance and demarcate the fault core boundary. a) Orientation of planar fabric elements present in the protolith as a function of log distance at Devil's Canyon. Fabric elements are granitic dikes that predate brittle faulting. Orientation is represented by the acute angle between the dike and fault surface viewed in a plane perpendicular to the fault surface and parallel to the slip direction (horizontal); angle convention is shown in figure. b) Volume of fault-rocks composed of fractured grains less than 10 µm diameter as a function of log distance at Bear Creek. Volume determined with an optical microscope by 100 point counts. c) Volume of fault-rocks composed of veins and other mineralization as a function of log distance at Bear Creek. Volume determined with an optical microscope by 100 point counts. d) Volatile concentration as determined from loss on ignition (LOI) of fault-rocks as a function of log distance at Bear Creek. Figure 6 . Variation in structural and chemical features across a fault zone containing paired fault cores at location T2, Punchbowl fault. Distance is measured from the northernmost fault core, and negative values are to the south. a) Density of mesoscopic fractures and faults as a function of distance. Linear density is determined by counting the number of intercepts along two orthogonal lines. b) Relative intensity of microscopic fractures, shears, and veins, versus distance. Intensity determined with an optical microscope by counting the number of intercepts along two orthogonal lines at 4X. The intensity is normalized by the value of the sample with the greatest count. c) Volatile concentration as determined from loss on ignition (LOI) of fault-rocks as a function of distance. d) Density of mesoscopic veins as a function of distance. Linear density is determined by counting the number of intercepts along two orthogonal lines. Modified from Evans (1998, 2000) . Figure 7 . Particle size distributions of fault rocks from the North Branch San Gabriel fault at a) Bear Creek, b) Devil's Canyon, and c) from the southernmost fault core of the Punchbowl fault zone at Cruthers Canyon. Samples are grouped as undeformed host rock, protocataclasite and cataclasite from the damage zone, and ultracataclasite from the fault core. Slope for a fractal particle size distribution with 2D fractal dimension of 2 is shown for reference. Particle size distributions determined from digital images of samples at magnifications of 15X, 30X, 55X, 130X, 325X, 814X, 1630X. Particles were sorted into four classes, where each class differs in mean diameter by a factor of two. Representative areas that do not contain particles larger than the largest class at the image magnification were measured, which imposes constraints on the determination of particle distributions as discussed by Sammis et al. (1987) . Because the magnification varied by a factor of 3 or less, several independent measurements of particle density were measured for all but the largest and smallest particle size classes. Particle density given as the number of particles in a class size, N(D), divided by area of image. Figure 8 . Map of a portion of the ultracataclasite layer in the fault core of the Punchbowl fault, Devil's Punchbowl Park. The orientation of the map projection is approximately perpendicular to the layer and parallel to the slip direction. The central panel shows the overall geometry of the section mapped, and the upper and lower panels show greater detail. The thick red line through the center of the layer is the prominent fracture surface (PFS). The thin black lines represent the location of contacts and fractures. The ultracataclasite layer has irregular boundaries and variable thickness, and consists of two basic types of ultracataclasite juxtaposed along a continuous contact that is nearly coincident with the PFS (see text). Modified from Chester and Chester (1998) . Figure 9 . Map of the fault core of the Punchbowl fault, Devil's Punchbowl Park. The orientation of the map projection is approximately perpendicular to the layer and parallel to the slip direction. Compositional layering in the fault core is sub-parallel to the fault from the combined effect of subsidiary faulting and cataclastic flow. A sliver of basement within the ultracataclasite layer, but on the opposite side of the PFS as the basement host rock, is evidence for branching of the PFS (see text). Offset on subsidiary faults contributes to roughness of the ultracatacalsitecataclasite contact. Detail of structure in vicinity of the basement sliver shows the distribution of, and truncation relations for, the different ultracataclasite units. Figure 10 . Map of the fault core of the North Branch San Gabriel fault, Bear Creek. Host rocks are granite and granodiorite on the north side, and quartz monzogranite and diorite gneiss on the south side, of the PFS. The foliated cataclasites in the fault core and on the south side of the ultracataclasite were derived from the diorite gneiss and quartz monzogranite, and those on the north side from the granodiorite. Several different types of ultracataclasite are distinguished on the basis of color, cohesion, fracture fabric, and porphyroclast occurrence. Most of the ultracataclasites occur in discontinuous layers along the PFS. A sliver of foliated cataclasite and ultracataclasite derived from an unknown protolith records one or more branching events (see text). Figure 11 . Relative intensity of deformation within a fault zone as a function of distance from principal fault surfaces (ultracataclasite) for two classes of fabric elements. One class of fabric element, which includes fractures and subsidiary faults, defines the damage zone. The other class, which includes comminuted particles, syntectonic mineralization, and cataclastic foliations,, defines the fault core. a) Symmetric deformation about a single fault surface as observed in the North Branch San Gabriel fault. Fabric elements of the damage zone decrease in density with log distance from the fault surface. Fabric elements of the fault core display high relative intensity only very near the fault surface. b) Symmetric deformation about paired fault surfaces, as observed in the Punchbowl fault zone at location T2 (solid line) and as predicted by simple superposition of deformation associated with two individual fault surfaces (dashed line, see text). Figure 12 . Schematic showing evolution of layered ultracataclasite structure resulting from progressive wear and wear-product accumulation along a stable PFS. This process appears quite common in the ultracataclasite of the Punchbowl and North Branch San Gabriel faults. Figure 13 . Schematic showing evolution of layered ultracataclasite structure resulting from branching of the PFS to form an exotic sliver of rock within an ultracataclasite layer. Branching appears to have been fairly rare in the cores of the Punchbowl and North Branch San Gabriel faults. N o rt h B ra n c h S a n G a b ri e l fa u lt S a n A n d r e a s 
